Study Objectives: In young adults, napping is hypothesized to benefit episodic memory retention (eg, via consolidation). Whether this relationship is present in older adults has not been adequately tested but is an important question because older adults display marked changes in sleep and memory. Design: Between-subjects design. Setting: Sleep laboratory at Emory University School of Medicine. Participants: Fifty healthy young adults (18-29) and 45 community-dwelling older adults (58-83). Intervention: Participants were randomly assigned to a 90-minute nap opportunity or an equal interval of quiet wakefulness. Measurements and Results: Participants underwent an item-wise directed forgetting learning procedure in which they studied words that were individually followed by the instruction to "remember" or "forget." Following a 90-minute retention interval filled with quiet wakefulness or a nap opportunity, they were asked to free recall and recognize those words. Young adults retained significantly more words following a nap interval than a quiet wakefulness interval on both free recall and recognition tests. There was modest evidence for greater nap-related retention of "remember" items relative to "forget" items for free recall but not recognition. Older adults' memory retention did not differ across nap and quiet wakefulness conditions, although they demonstrated greater fragmentation, lower N3, and lower rapid eye movement duration than the young adults. Conclusions: In young adults, an afternoon nap benefits episodic memory retention, but such benefits decrease with advancing age.
INTRODUCTION
In healthy young adults, sleep benefits retention of memories. 1 Enhanced post-sleep retention-hereafter, memory consolidation-is thought to be due to memory reactivation during slow-wave sleep 2 (or rapid eye movement [REM] sleep 3 ), the opportunity to stabilize memories from interference, [4] [5] [6] or possibly a combination of these processes. 7, 8 Though there is a large literature on the relationship between sleep and memory in healthy young adults, it remains unclear whether sleep-dependent memory consolidation is preserved in older adults, whom are known to show fragmented sleep as well as less slow-wave sleep and REM sleep. [8] [9] [10] [11] Several limitations of existing studies on sleep, memory, and aging are worth consideration. First, these studies have been limited by lacking concurrently tested young adult comparison groups and wake-only control groups (for review, see Scullin and Bliwise 8 ). Second, many existing studies on sleep, memory, and aging rely on self-report or actigraphy rather than polysomnography (PSG). 9 Third, most memory consolidation studies compared memory retention across overnight sleep and daytime wakefulness conditions, which confounds time of initial learning (encoding) and time of recall (retrieval). Such time-ofday confounds are problematic within the context of studying aging, because the magnitude of age deficits in memory function is increased in the evening. 12 Alternatively, the advantage of an early afternoon nap paradigm is that it matches time-of-encoding and time-of-retrieval across all conditions, it includes primarily non-REM sleep, and it has potent effects on memory retention, at least in young adults. [13] [14] [15] [16] [17] In the present PSG study, we investigated whether an afternoon nap, relative to quiet wakefulness, would benefit memory consolidation equally in young and older adults.
We assessed memory consolidation by using the directed forgetting procedure, a technique founded in contemporary cognitive psychology. [18] [19] [20] In the item-wise directed forgetting procedure, participants are presented with a series of words and instructed to selectively remember some studied words and forget other studied words. [21] [22] [23] Our rationale for using the directed forgetting procedure was to assess whether memory consolidation is driven by the selective reactivation of future-relevant memories. If so, then sleep would only promote retention of words that are instructed to be remembered, and not words instructed to be forgotten. 24 In contrast, if sleep stabilizes all memories against interference, then napping should promote retention of both the remember and forget words.
We hypothesized that an afternoon nap would benefit memory consolidation in young adults. For the older adults, the existing evidence conflicts and yields contrasting perspectives. 8 One view is that older adults are chronically sleep deprived (eg, due to fragmented sleep) but have preserved memory/cognitive processing during intervals in which they do sleep, and therefore should evidence cognitive benefits even from naps. 25 According to this "preserved-function" view, increasing older adults' total sleep time via an afternoon nap should benefit their memory SLEEP, Vol. XX, No. X, 2017 Effects of an Afternoon Nap on Episodic Memory-Scullin et al.
consolidation as much as young adults. 26 An alternative view is that older adults' sleep is fragmented and deficient in slow-wave sleep, 27 and there are numerous age-related declines in the metabolic, neuroanatomical, and neurochemical mechanisms that may support sleep-dependent cognitive processing (eg, prefrontal atrophy). [28] [29] [30] [31] [32] According to this latter view, an afternoon nap will not benefit memory consolidation in older adults.
METHODS

Overview
The two-session procedure is depicted in Figure 1 . A general strategy was to have all participants come to the sleep laboratory for a qualifying session (Session 1) which served to screen for sleep apnea and dementia and to determine whether the person could nap during the daytime in a sleep laboratory. In Session 2, after participants encoded episodic memories (word learning with directed forgetting), they were randomly assigned to either a 90-minute nap opportunity versus 90 minutes of quiet wakefulness. The participant was then asked to recall and recognize the words from the encoding phase.
Participants
One hundred and eleven healthy young adults (ages 18-29) and community-dwelling older adults (ages 58-83) were enrolled. Young adults were recruited via campus flyers. Most older adults were recruited from a control population of noncognitively impaired adults who are participating in research at the Emory Alzheimer's Disease Research Center (ADRC). Older adults recruited from the ADRC all had a Clinical Dementia Rating = 0. 33 A few additional older adults were recruited using advertisements and referrals (see Supplementary Table S1 ); all participants scored 26 or higher on the Mini-Mental State Examination during their qualifying session. 34 Screening exclusion criteria were self-reported history of psychiatric, neurological, or cognitive disorders, use of medications that affect sleep architecture, and clinically relevant cognitive impairment (Mini-Mental State Examination < 26 or Clinical Dementia Rating > 0). Screening inclusion criterion was frequency of napping of at least once per month. Six young adults and 10 older adults were lost to follow-up after Session 1, or excluded due to inability to nap in the laboratory during Session 1, being sick during the experimental session, or for later reporting taking medications that affect sleep or memory (antipsychotics, antidepressants, acetylcholinesterase inhibitors). Our analyses focused on the remaining 50 young adults and 45 older adults, and their demographic data are presented in Table 1 . Table 1 indicates that individuals assigned to the nap/wake conditions did not differ on age, gender, recent total sleep time, crystallized intelligence (Mill Hill vocabulary), Pittsburgh Sleep Quality Index global score, 35 Epworth Sleepiness Scale, 36 Morningness-Eveningness Questionnaire global score, 37 or Morningness-Eveningness Questionnaire five-group distribution (though, as expected, morning types were more common in the older adults than in the young adults, χ 2 (4) = 15.18, p = .004). During Session 2, participants were randomly assigned to either the nap or quiet wakefulness conditions, in a 3:2 ratio. The intent of this approach was to increase statistical power for PSG correlational analyses if a significant effect of nap/ wake condition was observed. The only deviation from random assignment occurred for participants who were identified during Session 1 as having at least moderate sleep apnea (Apnea-Hypopnea Index [AHI] > 15 or self-reported diagnosis via prior PSG): Those participants were assigned to the nap group to determine whether higher AHI was associated with lower memory retention across a sleep interval (see Supplementary Table S2 , for results suggesting no association). The Emory Institutional Review Board approved this study and individuals received monetary compensation for their participation.
Sleep Recording
PSG measurement was conducted using the Embla N7000 system. We recorded electroencephalography (EEG) from six standard frontal, central, and occipital sites, referenced to contralateral mastoid locations (F3-M2, F4-M1, C3-M2, C4-M1, O1-M2, O2-M1), and grounded with two midline electrodes (Fpz, Cz). The montage also included mentalis electromyography, right and left electrooculography, pulse oximetry, respiratory effort, and a nasal pressure transducer. We did not record anterior tibialis electromyography. Sleep staging followed contemporary scoring criteria. 38 Quantitative EEG analyses were performed on a subset of young adults in the nap condition (n = 24) and are presented in the Supplementary Table S3 .
Procedure
The two-session procedure is depicted in Figure 1 . Prior to each session, participants were instructed to maintain their normal sleep schedule and to keep a sleep diary for 1 week (Table 1) . They were further instructed to avoid caffeine, nicotine, and alcohol the day of their study. Session 1 was a baseline, Figure 1 -Two-session study protocol, by time of day. Young adults completed the practice phase once whereas older adults completed the practice phase twice to minimize age-related encoding deficits. PSG = polysomnography.
PSG-recorded adaptation nap used for screening and ensuring that participants could nap in the laboratory.
The experimental session (Session 2) was completed approximately 1 week following the first session ( Figure 1) . Following PSG application, participants completed an encoding phase in which they practiced recalling some words. During this practice phase, participants were first instructed that they would be shown words sequentially and to remember as many as they could for an immediate test. We then presented 24 words sequentially (presentation rate of 3 seconds) and determined participant encoding strength by having them immediately recall those words. To avoid confounding age-related deficits in consolidation with the well-documented age-related deficits at encoding, 39, 40 the older adults were given a second opportunity to study and recall these words.
Participants then were instructed that for the next block of words, they would be instructed to "remember" (in green font) or "forget" (in red font) individual words ( Figure 1 ). This itemwise directed forgetting procedure 41 is used to assess selective encoding and intentional forgetting and has previously been used in sleep and memory retention studies in young adults. [21] [22] [23] During the test block, participants viewed 100 words sequentially (including the practice words as remember words). For each trial, we presented a fixation cross for 500 ms, the word to study for 3000 ms, a blank screen for 500 ms, and then the instruction to "remember" or "forget" for 2000 ms. There were 50 "remember" words and 50 "forget" words, with item type counterbalanced across participants. A short, self-paced break was given after every 25 trials. The word lists were generated using the English Lexicon Project Database 42 and each word was 6 letters, 1-2 syllables, and medium frequency (log hyperspace analogue to language ranged from 4.97 to 8.50, with M = 6.50).
Following the encoding phase, participants were randomly assigned to either a 90-minute nap opportunity or to rest while remaining awake for 90 minutes. In the quiet wakefulness condition, participants sat upright in bed and watched television, and the research technician monitored their EEG to confirm absence of sleep. To minimize possible detrimental effects of sleep inertia, participants in the nap condition were not awakened at the end of the study from slow-wave sleep or REM (in which case, they were allowed to sleep until their first spontaneous arousal). Otherwise, at the 90-minute time mark, participants had their electrodes removed and were given a short break (~10 minutes) before the memory testing began.
We assessed memory consolidation by using both free recall and recognition test measures. 43 For the free recall test, participants were given 5 minutes to write down all the words they studied. They were instructed to write all the words they remembered, regardless of the original remember/forget instruction. Next they completed a recognition test on the computer in which they viewed the 100 "old" studied words and 100 "new" lure words (order randomized, and study/lure 
SDs are presented in parentheses. Note that there were data missing from one young adult and two older adults on the MEQ. MEQ = MorningnessEveningness Questionnaire.
lists were counterbalanced across participants). Participants were instructed to indicate which words were old words (ie, studied words) and which were new words (ie, nonstudied words). The rationale for including the recognition test was to avoid confounding age-related deficits in consolidation, with known age-related deficits at retrieval. Because recognition tests can rely on familiarity processes, which are automatic processes that are preserved with increasing age, 44 older adults often perform as well as young adults on recognition memory tests. 45 
Statistical Analysis
Free recall responses were scored as hits or false alarms (ie, a word not studied; this metric corrects for guessing) by independent raters who were masked to condition. Total recognition accuracy was calculated as total correct responses (correct hits and correct lure rejections) divided by total number of trials. Recognition performance was further corrected for false alarm rate by calculating d-prime (https://memory.psych.mun.ca/models/dprime/). We used t tests, analyses of variance (ANOVA), and analyses of (co)variance to determine whether condition (nap, quiet wakefulness) differentially affected memory performance in young and older adults. When necessary, we used Levene's correction for unequal variances. We report Cohen's d and partial eta squared (η p 2 ) as measures of effect size. Though we suggest the value of effect sizes is as continuous measures (rather than as categorical measures), typical benchmarks for small, medium, and large effect sizes would be a Cohen's d of .2, .5, and .8, respectively, or a partial eta squared of .01, .09, and .25, respectively. To protect against Type I error, we only examined correlations between memory measures and PSG variables when the nap condition produced significantly different results than the quiet wakefulness condition for that memory measure.
RESULTS
PSG Results
The PSG features across Sessions 1 and 2 by age groups are displayed in Table 2 . In young adults, most PSG features were relatively stable from the first nap (Session 1) to the second nap (Session 2), except for REM sleep and N1. In the older adults, PSG features such as total sleep time, wake after sleep onset, sleep efficiency, N2, and REM were not stable across naps. However, the older adults showed very strong correlations between the first and second naps for slow-wave sleep (N3) duration, AHI, and mean SaO 2 . The inter-nap correlation was significantly stronger in the older adults than in the young adults for AHI, Z = 2.64, p = .008.
During Session 2, older adults slept less than did young adults, t (57) 
Pre-Experimental Memory Performance (Encoding Phase)
For memory performance, we first determined whether there were any pre-experimental differences during the encoding phase (ie, immediate testing before PSG). There was a significant age-related increase in total items recalled during the study phase (of 24 possible), F(1, 91) = 7.27, MSE = 11.10, p = .008, η p 2 = .07 (young adults: M Nap = 7.73, M Wake = 6.45; older adults: M Nap = 9.31, M Wake = 8.69). This confirmed that our manipulation of having older adults test on the words twice during the encoding phase (and young adults once) produced the intended effect of demonstrating that older adults were capable of learning such word lists if allowed the extra time to do so. There was not a nap/wake condition main effect, F(1, 91) = 1.82, MSE = 11.10, p = .18, η p 2 = .02, or a condition by age group interaction, F < 1, p = .64, η p 2 < .01, demonstrating that assignment to the napping or quiet wakefulness conditions was not biased by pre-experimental memory (encoding) ability.
Post-Nap/Wake Free Recall Performance
The results of the free recall test (of a possible 100 words) are displayed in Figure 2 . We conducted a 2 (hit, false alarm) × 2 (young, older) × 2 (nap, wake) mixed ANOVA. There was a significant age group by condition interaction, F(1, 91) = 5.33, MSE = 12.66, p = .03, η p 2 = .06, indicating that hit rate was greater following the nap rather than following quiet wakefulness in the young adults, t (48) Figure 2 ), may reflect an underlying age-related deficit in associative memory processing. 46 The three-way interaction between hits/false alarms, age group, and nap/wake condition was not significant (F < 1, p = .75, η p 2 < .01). Planned comparisons in the young adult conditions showed that, as predicted by the directed forgetting literature, 41 retention was better for "remember" items (M = 7.58) than for "forget" items (M = 0.52), t(49) = 11.94, p < .001, d = 2.34. In the older adults, retention was better for "remember" items (M = 3.47) than for "forget" items (M = 0.24), t(44) = 8.57, p < .001, d = 1.78, but memory retention did not significantly differ across nap and quiet wakefulness conditions for "remember" items (M Nap = 3.48, M Wake = 3.44; t < 1, p = .95, d = .02), "forget" items (M Nap = 0.21, M Wake = 0.31; t < 1, p = .53, d = .19), or when limited to words that were practiced and tested during the encoding phase (M Nap = 4.93, M Wake = 3.63; t(43) = 1.33, p = .19, d = .41). The directed forgetting effect was larger in the young adults than in the older adults, as indicated by an age group difference in "remember" minus "forget" item score, t(81.74) = 5.48, p < .001, d = 1.11 (Levene's correction). Similar results obtained when limiting analyses to individuals with minimal-to-no sleep apnea or when comparing healthy adults recruited from the ADRC versus non-ADRC general community (Supplementary Tables  S1 and S2 ).
Post-Nap/Wake Recognition Performance
The recognition test data were congruent with the free recall results. There was significantly better recognition performance for "remember" items than "forget" items (young adults: t(49) = 9.63, p < .001, d = 1.37; older adults: t(44) = 6.99, p < .001, d = .65). Furthermore, the directed forgetting effect ("remember" minus "forget" performance) was larger for the Figure 2-Free recall performance across age groups and nap/ wake conditions. Error bars reflect 95% confidence intervals. Hits refer to words correctly recalled (max possible: 100) and false alarms refer to words generated on the free recall test that were not previously studied. **p < .01 (all other nap/wake condition comparisons were nonsignificant). Though recognition tests often yield lower effect sizes than free recall tests for measuring memory consolidation, at least in young adults, 43 recognition tests avoid floor effects in older adults because recognition can be supported by familiarity retrieval processes, which are preserved with increasing age. 45 As demonstrated in Table 3 08. Of particular importance, when minimizing age-related encoding differences by selecting the words that were tested during the encoding phase (twice in older adults, once in younger adults), and minimizing age-related retrieval differences by using a recognition test, there was still no evidence for napping benefiting episodic memory consolidation in the older adult group (t < 1, p = .41, d = .24; Table 3 ). In other words, even when controlling for other known memory deficits, sleep still benefits memory less in older adults than in young adults.
PSG-Memory Correlations
To protect against Type I error rate, we limited our correlational analyses to the primary dependent measures in young adults that showed a significant nap/wake condition effect 8 : total free recall hits and d-prime recognition accuracy. We found no significant correlations with free recall accuracy and total sleep time, sleep efficiency, wake after sleep onset, sleep stage duration, or AHI (all ps > .05; also see Supplementary Table S4 ). Though these PSG measures have been implicated in episodic memory consolidation, afternoon naps show restricted range and limited variability in each of these measures (eg, almost all young adult participants had one cycle of N3 43 ), thereby decreasing the likelihood of observing a significant correlation. 
DISCUSSION
One objective of this study was to confirm whether afternoon naps benefit memory functioning in healthy, young adults (for review, see Ficca et al. 17 ). Certainly, napping has previously been demonstrated to promote episodic memory consolidation, and we affirmed those findings using item-wise directed forgetting. [13] [14] [15] [16] [17] 23, 48 Whereas much sleep and memory research has attempted to isolate the effects of memory reactivation 49 versus stabilization of memories from interference, 4-6 both of these interpretations have some limitations when their influences are considered separately. For example, if stabilization against interference was the only factor promoting sleep-related benefits, then one would predict both young and older adults to benefit from the nap. If selective memory reactivation were the only important factor, then one would expect more pronounced evidence for retention of "remember" items over "forget" items. Recent models suggest that a combination of reduced interference and increased memory reactivation (and perhaps other factors) underlie the benefit of sleep on memory, 7, 8 and we interpret the current results as consistent with this framework.
The broader goal of this work was to determine the extent to which the memory benefits of an afternoon nap observed in young adults also extend to older adults. We found that afternoon naps did not benefit episodic memory in older adults. An afternoon nap showed no significant differences relative to a nearly equal duration of quiet wakefulness for retention of strongly encoded (or weakly encoded) memories or for recognition of studied words. Thus, simply gaining more total sleep time is insufficient to produce memory benefits in older adults. 50 By contrast, our findings are compatible with the view that age-related changes in sleep physiology, cognitive processing, or other relevant underlying neurophysiology preclude an afternoon nap from being as strongly restorative for episodic memory in older adults as in healthy young adults. Regarding sleep-specific mechanisms, if a specific quantity/quality of slow-wave sleep is necessary for any memory consolidation to occur, then no nap duration will benefit older adults' memory if the slow-wave sleep requirement is not met. Regarding cognitive processing mechanisms, if memory consolidation requires that new learning becomes associated with a "tag" of future relevance during encoding, 51 and if older adults demonstrate associative encoding deficits, 46 then it is possible that older adults will not consolidate memories without successful associative "tagging" at encoding. Regarding neurophysiological mechanisms, there are several brain regions (eg, prefrontal cortex, hippocampus) and neuromodulators (eg, dopamine, acetylcholine) that are hypothesized to be critical to successful memory consolidation, but it is also known that these neurophysiological mechanisms decline with aging. [52] [53] [54] Therefore, age-related neurophysiological deficits may block memories from being consolidated even during high-quality naps. Sleep, cognitive, and neurophysiological mechanisms deserve further research to inform why memory consolidation declines with increasing age.
The current findings fit within the developing field of studies on memory consolidation, sleep, and aging. Many such studies have compared memory retention across overnight sleep versus daytime wakefulness intervals, 8 which assumes that young adults and older adults have similar chronotypes (cf. Table 1) . By contrast, the magnitude of age differences in memory functioning depends on the time of learning and testing, such that young adults tend to encode memories better in the evening and older adults tend to encode memories better in the morning. 12, 55 An afternoon nap paradigm in which all participants encode materials at the same time helps to neutralize these time-ofday confounds. There are a few existing memory consolidation, sleep, and aging studies that have used napping paradigms, but these studies focused on procedural, or motor, memory consolidation. [56] [57] [58] [59] The important point here is that whereas most research has indicated an age-related change in sleep-dependent procedural memory consolidation, 60 some researchers have reported that episodic memory consolidation is preserved in older adults. 61 The current evidence compels the conclusion that sleep intervals will not always benefit episodic memory consolidation in older adults, even when using methods that aim to minimize age deficits at encoding and retrieval. Largescale interventional trials (eg, pharmacologic, behavioral, deep brain stimulation [62] [63] [64] [65] ) that manipulate various aspects of sleep in older adults, and include a diversity of cognitive outcomes, will be required to conclude with certainty whether sleep does (or does not) benefit specific cognitive functions.
One limitation of the current study was low free recall performance, which might be expected given the 90-minute retention interval and that our methodology did not require participants to learn words to a ≥80% criterion. The low recall for the "forget" items, however, limits our ability to draw conclusions regarding whether memory consolidation is specific for future-relevant information (for supportive evidence not limited by floor performance, see Rauchs et al. 22 , Saletin et al. 23 , and Scullin and McDaniel 66 ). The primary goal of the current research, however, was to examine whether aging affects retention following sleep intervals, and therefore, it is reassuring that we observed the same age by nap/wake condition interactions for both recall and recognition performance. One consideration for future research on cognitive processing mechanisms of age-related changes in memory consolidation should be the specific parameters of the memory task. Whereas one does not normally modify a neuropsychological test (eg, Wechsler Memory Scale), in cognitive psychology experiments researchers customize many procedural details (number of test items, total study repetitions, duration of study, arousal, and valence, etc.), which results in many variants of a task (eg, directed forgetting) in the research literature. Each customization comes with advantages and disadvantages, and researchers should consider and set each design parameter based upon the primary goals of their project. In the current study, we aimed to measure directed forgetting Figure 3 -Scatterplot illustrating relationship between REM percent and false alarm rate to lure items (proportion out of 100 possible) on the recognition test in young adults. The older adult data are provided for archival purposes. Note that after removing the outlier young adult data point (at top of graph), the correlation between REM percent and false alarm rate was still significant, r(27) = .51, p = .005. REM = rapid eye movement.
(traditionally, all items studied once), but did not want to miss evidence of memory consolidation if such evidence were to only emerge with multiple study repetitions; thus, we included a subset of words that were studied multiple times.
A second "fly in the ointment" was the lack of significant positive correlations between PSG measures and memory retention. The absence of positive correlations might be due to minimal variability during afternoon naps, the specific types of analyses we conducted, or some unexpected nuisance variable (these explanations, of course, assume a true association between PSG and memory retention 67 ). Despite the lack of significant positive correlations, we observed a negative REMrecognition performance correlation (Figure 3) , which would seem to support Crick and Mitchison's 68 idea that REM sleep promotes forgetting: Higher amounts of REM sleep during the nap were related to poorer recognition memory. Although consistent with Crick and Mitchison's putative function for REM, when analyzed in greater detail, we noted that the association in Figure 3 was due entirely to accuracy on the "lure" items. In other words, individuals with greater REM sleep were more likely to falsely believe that lure words were studied words (even after controlling for encoding strength and recent sleep duration). This implies that REM sleep might promote integration of associations among learned information and result in false memories, 24 a phenomenon partially subsumed by cognitive psychologists under the rubric of "gist memory." Such a finding could conceivably bear relevance for REM-related phenomenology across a broad range of psychiatric conditions (eg, posttraumatic stress disorder). 69 
